FE65 is an adaptor protein that binds to and forms a transcriptionally active complex with the ␥-secretase-derived amyloid precursor protein (APP) intracellular domain. The regulatory mechanisms of FE65-APP-mediated transcription are still not clear. In this report, we demonstrate that Dexras1, a Ras family small G protein, binds to FE65 PTB2 domain and potently suppresses the FE65-APP-mediated transcription. The suppression is not via competition for binding of FE65 between Dexras1 and APP because the two proteins can simultaneously bind to the FE65 PTB2 domain. Phosphorylation of FE65 tyrosine 547 within the PTB2 domain has been shown to enhance FE65-APPmediated transcription but not to influence binding to APP. Here we find that this phosphorylation event reduces the binding between Dexras1 and FE65. We also demonstrate that Dexras1 inhibits the FE65-APP-mediated transcription of glycogen synthase kinase 3␤ (GSK3␤). Moreover, small interfering RNA knockdown of Dexras1 enhances GSK3␤ expression and increases phosphorylation of Tau, a GSK3␤ substrate. Thus, Dexras1 functions as a suppressor of FE65-APP-mediated transcription, and FE65 tyrosine 547 phosphorylation enhances FE65-APP-mediated transcription, at least in part, by modulating the interaction between FE65 and Dexras1. These findings reveal a novel regulatory mechanism for FE65-APP-mediated signaling.
FE65 is an adaptor protein that binds to and forms a transcriptionally active complex with the ␥-secretase-derived amyloid precursor protein (APP) intracellular domain. The regulatory mechanisms of FE65-APP-mediated transcription are still not clear. In this report, we demonstrate that Dexras1, a Ras family small G protein, binds to FE65 PTB2 domain and potently suppresses the FE65-APP-mediated transcription. The suppression is not via competition for binding of FE65 between Dexras1 and APP because the two proteins can simultaneously bind to the FE65 PTB2 domain. Phosphorylation of FE65 tyrosine 547 within the PTB2 domain has been shown to enhance FE65-APPmediated transcription but not to influence binding to APP. Here we find that this phosphorylation event reduces the binding between Dexras1 and FE65. We also demonstrate that Dexras1 inhibits the FE65-APP-mediated transcription of glycogen synthase kinase 3␤ (GSK3␤). Moreover, small interfering RNA knockdown of Dexras1 enhances GSK3␤ expression and increases phosphorylation of Tau, a GSK3␤ substrate. Thus, Dexras1 functions as a suppressor of FE65-APP-mediated transcription, and FE65 tyrosine 547 phosphorylation enhances FE65-APP-mediated transcription, at least in part, by modulating the interaction between FE65 and Dexras1. These findings reveal a novel regulatory mechanism for FE65-APP-mediated signaling.
FE65 is an adaptor protein with multiple protein-protein interaction domains including a WW domain and two C-terminal PTB domains (1) . It is believed that FE65 functions as a "scaffold" protein to recruit various binding partners together to form a functional complex. In fact, FE65 has been shown to interact with a number of proteins. For example, transcription factors CP2 and Tip60 interact with the FE65 PTB1 (2, 3), c-Abl tyrosine kinase and Mena are FE65 WW domain binding partners (4, 5) and the nucleosome assembly factor SET binds FE65 (6) . Of great interest, the Alzheimer disease amyloid precursor protein (APP) 2 has been shown to interact with the FE65 PTB2 domain (7) (8) (9) (10) .
APP is a ubiquitously expressed type I integral transmembrane protein with a large ectodomain and a short intracellular domain (11, 12) . The functions of APP are not properly understood. However, APP is known to be processed first by either ␣-or ␤-secretase and then by ␥-secretase. Cleavage of APP by ␤-and ␥-secretases results in the generation of the 4-kDa ␤-amyloid peptide (A␤). Aggregation of A␤ to form neuritic plaques in brains is a pathological hallmark of Alzheimer disease (for reviews, see Refs. 1 and 13). FE65 has been shown to modulate the production of A␤ (14 -16) . In addition to A␤ generation, cleavage of the APP by ␥-secretase releases the APP intracellular domain (AICD). Importantly, AICD has been shown to translocate to the nucleus as a complex with FE65 and the FE65⅐AICD complex strongly stimulates transcription of a GAL4-dependent reporter system (3, (17) (18) (19) (20) . However, the control mechanism(s) of FE65-AICD nuclear transcription is currently unclear.
Nuclear transcription can be regulated by various means including hormonal control (for reviews, see Refs. [21] [22] [23] . Glucocorticoids are steroid hormones and are known to be involved in control of gene transcription (for reviews, see Refs. 24 and 25) . There is evidence to suggest that Alzheimer disease is linked to abnormal functions of glucocorticoids (26 -35) . Thus, glucocorticoid-regulated genes may contribute to some aspects of Alzheimer disease. Dexras1 is a member of Ras family small G protein that is induced by dexamethasone (an analogue of glucocorticoid) and contains an extended C terminus that is found to interact with the PTB domain of CAPON (36, 37) , an adaptor protein that interacts with neuronal nitric-oxide synthase. Dexras1 is widely expressed in various brain regions with high levels in the cerebellum and hippocampus, which is similar to the distribution pattern of FE65 in the brain (37) (38) (39) . As Dexras1 has been shown to interact with PTB domain bearing protein and FE65 contains two PTB domains, these observa-tions led us to investigate if Dexras1 and FE65 interact. In this study, we demonstrate that Dexras1 is an FE65 PTB2 domain interacting protein and that this interaction is regulated by phosphorylation of FE65 Tyr 547 within the PTB2. Moreover, both Dexras1 and FE65 are found in the nucleus and FE65-APP-mediated transcription is significant repressed by Dexras1. Our data reveals a novel regulatory mechanism for the FE65-APP-mediated transcription.
EXPERIMENTAL PROCEDURES
All the experiments were performed at least three times with similar results.
Cell Culture and Transfection-CHO, HEK293 and SH-SY5Y cells were cultured as described previously (40, 41) . Primary rat cortical neurons were obtained from E18 rat embryos and cultured on either culture plates or glass coverslips (for indirect immunofluorescence staining) coated with poly-D-lysine in Neurobasal medium and B27 supplement (Invitrogen) containing 100 units/ml penicillin, 100 mg/ml streptomycin (Invitrogen), and 2 mM glutamine (Invitrogen). Neurons were cultured for 7 days prior to analyses. For plasmid transfections, CHO cells were transfected using Lipofectamine (Invitrogen), HEK293 and SHSY5Y cells were transfected using FuGENE 6 (Roche), and rat cortical neurons were transfected with Lipofectamine 2000 (Invitrogen). The transfection efficiency for neurons was ϳ5%, which was determined by counting the number of green fluorescent protein-transfected cells in pilot experiments and is consistent with other studies from our laboratory. siRNA knockdown was performed using human Dexras1 and control non-targeting siRNAs (Dharmacon). siRNAs were transfected using Lipofectamine 2000 (Invitrogen). Efficiency of knockdown was determined using semiquantitative PCR and immunoblotting (see below).
Antibodies-Antibodies were as follows: anti-myc 9B11 (Cell Signaling Technology), Dexras1 (Santa Cruz and Abcam), tubulin DM1A (Sigma), c-Jun (Santa Cruz), anti-GST (Sigma), c-Abl (Santa Cruz), total Tau (DAKO), and anti-FLAG antibodies (Sigma). Anti-FE65, anti-APP, and anti-phospho-Tau PHF-1 were as described (42, 43) .
Plasmids-Mammalian expression constructs for myctagged FE65, APP695, and GAL4-AICD were as described (42, 44) . Wild-type Tau 2N4R construct was as described (45) . Full-length APP into which the GAL4 DNA binding domain was inserted after the APP transmembrane domain (pMst-APP) and myc-tagged FE65 constructs, with either PTB1 or PTB2 deleted were as described (3) . The pCMV-GST-Dexras1 mammalian expression construct was as described (37) . FLAG-tagged Dexras1 wild-type and A178V mutant were generated by subcloning the corresponding fulllength cDNA isolated either from pcDNA3.1/His-Dexras1 or pcDNA3.1/His-Dexras1(A178V) (46) into pCMV-Tag2 (Stratagene). GAL4UAS-dependent firefly luciferase reporter pFR Luc and transfection efficiency vector Renilla luciferase phRL-TK plasmids were obtained from Stratagene and Promega, respectively. Human GSK3␤ promoter luciferase reporter construct (GSK3␤ promoter Luc) was generated by subcloning the promoter fragment isolated from the p-2090CAT GSK3␤ promoter construct into pGL3 (47) .
Protein Binding Assays-For mammalian GST fusion protein binding assays, CHO cells were transfected with GST ϩ FE65, GST-Dexras1 ϩ FE65, GST ϩ APP, GST-Dexras1 ϩ APP, GST ϩ FE65 ϩ APP, or GST-Dexras1 ϩ FE65 ϩ APP. Cells were harvested in ice-cold cell "lysis buffer." This comprised 50 mM TrisHCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and Complete TM proteinase inhibitor (Roche) and was used in a number of procedures below where it is also termed lysis buffer. Following lysis, cells were cleared by centrifugation at 14,000 ϫ g. The cell lysates were incubated with glutathione-Sepharose at 4°C for 1 h. The captured proteins were then isolated by boiling in SDS-PAGE sample buffer and analyzed by SDS-PAGE and immunoblotting all as described (48, 49) .
The bacterial GST-Dexras1 expression construct was created by subcloning the full-length Dexras1 cDNA isolated from pCMV-GST-Dexras1 into pGEX-5X2 (GE Healthcare). GSTDexras1 fusion protein was expressed in Escherichia coli BL21 and captured by glutathione-Sepharose 4B according to the manufacturer's instructions (GE Healthcare). GST or GSTDexras1 "baits" were used in pull-down assays from FE65-transfected cell lysates. The captured proteins were analyzed by SDS-PAGE and Western blotting.
For immunoprecipitation, CHO cells transfected either with myc-tagged FE65 ϩ FLAG-tagged Dexras1 or Dexras1 were harvested in ice-cold lysis buffer as described above. Myctagged FE65 was immunoprecipitated from cell lysates using 9B11 anti-myc antibody for 16 h at 4°C. The antibody was captured by protein G-Sepharose (Sigma) for 2 h at 4°C and the immunoprecipitates were washed 3 times with ice-cold lysis buffer. Proteins in the immunoprecipitates were analyzed by SDS-PAGE and Western blotting. To detect the tripartite complex of Dexras1⅐FE65⅐APP, CHO cells were transfected either with Dexras1 ϩ APP or Dexras1 ϩ FE65 ϩ APP. FLAG-tagged Dexras1 was immunoprecipitated using M2 monoclonal anti-FLAG antibody and the proteins in immunoprecipitates were detected as described above. Endogenous FE65/Dexras1 interaction was determined by immunoprecipitation of FE65 from rat brain lysate. Rat brain lysate was prepared by homogenizing a fresh rat brain in ice-cold lysis buffer and then cleared by centrifugation as described above. FE65 and Dexras1 in the immunoprecipitate were detected by a rabbit anti-FE65 polyclonal antibody and a goat anti-Dexras1 antibody, respectively. Signal intensities on immunoblots were quantified by pixel densitometry using a Bio-Rad GS710 imager with Quantity 1 software as previously described (50) .
Indirect Immunofluorescence Staining-Transfected HEK293 cells and 7-day-old rat cortical neurons cultured on glass coverslips were fixed in 4% paraformaldehyde for 10 min followed by permeabilization with 0.1% Triton X-100 in phosphate-buffered saline for 20 min and blocked by blocking solution containing 5% fetal bovine serum in phosphate-buffered saline. The cells were then stained with primary antibodies diluted in blocking solution. Myc-tagged FE65 was detected either by an FE65 polyclonal antibody (44) or 9B11 monoclonal antibody. Dexras1 was detected using M2 anti-FLAG antibody (Sigma) or a goat antidexras1 antibody (Santa Cruz). Goat anti-rabbit, goat antimouse, and rabbit anti-goat Ig coupled with Alexa Fluor 488 or Alexa Fluor 568 (Molecular Probes) were used to visualize the primary antibodies by confocal microscopy (Zeiss). Nuclei were stained by 4Ј,6-diamidino-2-phenylindole (Sigma).
Subcelluar Fractionation-Subcelluar fractionation of cells was performed as described (51) and the purity of the different fractions determined by probing with fraction-specific markers (tubulin and c-Jun).
FE65-APP/Dexras1
Competition Assay-For competition assays, CHO cells were transfected with FE65 ϩ APP and increasing amounts of Dexras1 DNA, or with FE65 ϩ Dexras1 with increasing amounts of APP DNA. Transfections were balanced with pCIneoCAT DNA (vector containing the chloramphenicol acetyltransferase gene) such that all cells received the same total amounts of plasmid. Cell lysates were prepared by scraping cells into ice-cold lysis buffer comprising 50 mM TrisHCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100 supplemented with protease inhibitors (Complete, Roche Molecular Biochemicals) and then cleared by centrifugation at 14,000 ϫ g for 10 min at 4°C. Cell lysates were then incubated for 16 h with the 9B11 anti-myc monoclonal antibody against the myc tag of FE65 at 4°C. The antibody was captured by protein G-Sepharose (Sigma) for 2 h at 4°C and the immunoprecipitates were washed 3 times with ice-cold lysis buffer. The proteins in the immunoprecipitates were analyzed by SDS-PAGE and Western blotting.
GAL4-APP and GSK3␤ Promoter Luciferase Reporter AssaysLuciferase assays for GAL4 APP reporter and GSK3␤ promoter reporter transactivation were performed by a Dual-Glo luciferase assay system (Promega). In the GAL4 reporter assay, cells were transfected with the relevant constructs together with pFR-Luc and phRL-TK. In the GSK3␤ promoter assay, cells were transfected with the relevant constructs together with the GSK3␤ promoter reporter (GSK3␤ promoter Luc) and phRL-TK. phRL-TK, which expresses the Renilla luciferase, was used as a control to quantify transfection efficiency. Cells were harvested in Dual-Glo luciferase substrate at 48 h post-transfection. The firefly luciferase activities produced by pFRLuc and GSK3␤ promoter Luc were measured by a luminometer (Wallace). Then, the Renilla luciferase activities produced by the phRL-TK were assayed by adding an equal volume of Dual-Glo Stop&Glo substrate (comprising the stop solution for firefly luciferase and substrate for Renilla luciferase) and analyzed by the luminometer. The firefly luciferase activity was normalized to the corresponding Renilla luciferase activity. For all reporter gene assays, statistical analyses were performed using analysis of variance tests. Significance is indicated between different treatments as * (p Ͻ 0.05), ** (p Ͻ 0.005), *** (p Ͻ 0.001). Error bars shown are standard deviations.
Semi-quantitative Polymerase Chain Reaction AnalysesTotal RNA was isolated from transfected HEK293 cells by TRIzol reagent (Invitrogen) and was reverse transcribed into first strand cDNA in the presence of oligo(dT) primer by using the First Strand cDNA synthesis kit for reverse transcriptase-PCR (Roche). Amplification of Dexras1 was performed by using the following two primers:(5Ј-AGCCGAGGGTGGATT-TATCT-3Ј and 5Ј-AACCCGGAATCACAGACAAG-3Ј. PCR of GSK3␤ and glyceraldehyde-3-phosphate dehydrogenase were performed as described previously (52) .
RESULTS

Dexras1
Is an FE65 Interacting Protein-Dexras1 is a dexamethasone (an analogue of glucocorticoid)-induced protein and is highly expressed in brain. To explore the possibility that FE65 and Dexras1 might interact, we first tested whether FE65 and Dexras1 interact in bacterial GST fusion protein binding assays using GST or GST-Dexras1 expressed from E. coli as baits to pull down FE65 from transfected CHO cell lysate. Probing the protein pulled down by the baits revealed that FE65 bound to the GST-Dexras1 bait but not GST (Fig. 1A) . A, E. coli expressed GST and GST-Dexras1 were used as bait in pull-down assays from FE65-transfected cells. FE65 was detected using the myc sequence engineered to the C terminus of FE65. B, FE65 was either co-transfected to cells with mammalian expression constructs for GST or GST-Dexras1. GST and GST-Dexras1 were captured from the cell lysates by glutathioneSepharose 4B and FE65 bound to the complex was detected as above. C, immunoprecipitations were performed from cells either transfected with Dexras1 or Dexras1 ϩ FE65. FE65 was immunoprecipitated by myc antibody 9B11. Immunoprecipitated FE65 was detected by a rabbit anti-FE65 antibody and co-immunoprecipitated Dexras1 was detected by a rabbit anti-FLAG antibody to the FLAG sequence placed at the N terminus of Dexras1. (Ϫ) and (ϩ) refer to the absence or presence of 9B11 in the immunoprecipitations. D, endogenous FE65⅐Dexras1 complex was detected by immunoprecipitating FE65 from rat brain lysate and probing for Dexras1. (Ϫ) and (ϩ) refer to the absence or presence of anti-FE65 antibody in the immunoprecipitations with minus (Ϫ) indicating non-immune serum. Under these conditions APP co-immunoprecipitates with FE65 (data not shown). E, FLAG-Dexras1 was co-transfected with myc-tagged FE65, FE65⌬PTB1, or FE65⌬PTB2 into CHO cells. FLAG-Dexras1 was immunoprecipitated and detected by an anti-FLAG antibody, and FE65 in the immunoprecipitates was detected by using the myc tag.
Dexras1 Binds to FE65
To confirm FE65 and Dexras1 interaction in a mammalian system, FE65 was transfected into CHO cells either with GST or GST-Dexras1. GST or GST-Dexras1 was pulled down by using glutathione-Sepharose from the transfected cell lysate. Again, probing the pulled down protein complex revealed that FE65 was present in GST-Dexars1 ϩ FE65 co-transfected cells but not in GST ϩ FE65 co-transfected cells (Fig. 1B) .
We next tested FE65 and Dexras1 interaction by co-immunoprecipitation. FLAG-tagged Dexras1 was transfected to CHO cells either alone or with myc-tagged FE65. FE65 was immunoprecipitated using an anti-myc antibody. Immunoblotting showed that Dexras1 was co-immunoprecipitated with FE65 in Dexras1 ϩ FE65 co-transfected cells but not in Dexras1 only transfected cells (Fig. 1C) . The existence of an endogenous FE65⅐Dexras1 complex was confirmed by co-immunoprecipitation of the endogenous proteins from rat brain (Fig. 1D) .
Dexras1 has been demonstrated to bind to other PTB domain containing protein (37) . To inquire which FE65 PTB domain mediates the binding of Dexras1, we used full-length FE65 and FE65 constructs with either PTB1 or PTB2 deleted in co-immunoprecipitation assays. We found that only fulllength FE65 and FE65⌬PTB1, but not FE65⌬PTB2, could co-immunoprecipitate with Dexras1 (Fig. 1E) . This indicates that the FE65 PTB2 domain is required for the binding of Dexras1.
Dexras1 and FE65 Colocalize in Nuclei-To interact in cells, FE65 and Dexras1 must be localized in the same cellular compartments. We therefore examined the localization of FE65 and Dexras1 in transfected HEK293 cells. When transfected alone, FE65 was present in both nuclei and cytoplasm as reported previously (3, 53, 54) (Fig. 2A) . Dexras1 was expressed in both the cytoplasm (particularly in perinuclear regions) and nuclei when transfected alone (Fig. 2C) . However, when FE65 and Dexras1 were co-transfected, the amount of Dexras1 in the nuclei was increased dramatically (Fig. 2, F and H) . There was no noticeable difference in the distribution of FE65 in the presence or absence of Dexras1 (Fig. 2, A, (Fig. 2M) . A minor increase in the proportion of nuclear FE65 was also detected in the presence of Dexras1 in these assays although this could not be detected in the non-quantified immunocytochemical assays. Finally, we studied the localization of endogenous FE65 and Dexras1 in primary cortical neurons by confocal microscopy. FE65 and Dexras1 co-localized within the nuclei of these cells (Fig. 2, I-L) . Together, these findings indicate that FE65 and Dexras1 are colocalized in cells and one possibility is that FE65 may function to translocate Dexras1 from the cytosol to the nucleus.
Dexras1 Inhibits FE65-APP-mediated Transcription-␥-Secretase-cleaved AICD has been shown to translocate to the nucleus with FE65 and the complex has been reported to participate in transcription events using GAL4-dependent reporter gene assays (3, (17) (18) (19) . The finding that Dexras1 interacts and colocalizes with FE65 in nuclei prompted us to investigate the role of Dexras1 in FE65-AICD signaling. We used a previously described GAL4-dependent reporter system that involves monitoring the transcriptional activity of the APP-GAL4 DNA binding domain fusion genes using a GAL4UAS-luciferease reporter. GAL4-APP transcription was strongly stimulated by transfection of FE65. Dexras1 alone did not cause any transactivation. However, the FE65-stimulated transcription was repressed by co-transfection with Dexras1 in a dosedependent manner in both HEK293 cells (Fig. 3A) and primary cortical neurons (Fig. 3B) . A similar effect was also observed in SHSY5Y neuroblastoma cells (data not shown).
To determine whether inhibition of Dexras1 expression might increase FE65-dependent transcriptional activity, we reduced Dexras1 expression by transfection of siRNAs in HEK293 cells. Dexras1 but not control siRNAs led to a decrease in Dexras1 mRNA and protein levels (Fig. 3C ). This in turn stimulated FE65-dependent transcription (Fig. 3D, cf. histo- grams IV versus V). Thus, overexpression and inhibition of Dexras1 lead to complementary changes in FE65-mediated gene transcription.
We also treated HEK293 cells transfected with FE65-APP GAL4-dependent reporter constructs with dexamethasone because Dexras1 was first identified as a dexamethasone-induced protein (36, 55, 56) . After dexamethasone treatment, FE65-APP signaling was inhibited, which is in line with the result we observed from transfection of Dexras1 (Fig. 3D , histograms IV versus VI). To determine whether this dexamethasone-induced inhibition of FE65-APP signaling involved Dexras1, we monitored the effect of dexamethasone in cells in which Dexras1 expression was reduced with siRNA. Treatment with Dexras1 siRNA partially rescued the effect of dexamethasone on FE65-APP signaling although it did not increase signaling to the level seen in cells treated with Dexras1 siRNAs alone (Fig. 3D, cf. histograms V-VII). Thus dexamethasone inhibits FE65-APP signaling and at least part of this effect is mediated by Dexras1.
The function of Dexras1 in signaling is still not fully understood. However, Dexras1 has been shown to act as a guanyl nucleotide exchange factor (46, 57) . To investigate whether the effect of Dexras1 on FE65-APP-mediated transcription involved guanyl nucleotide exchange, we used a constitutively active Dexras1(A178V) mutant (46) in the FE65-APP-mediated transcription assay. As with wild-type Dexras1, the Dexras1(A178V) mutant also repressed the FE65-APP-mediated transcription and to a similar magnitude (Fig. 3E ). This suggests that guanyl nucleotide exchange by Dexras1 is not required for the inhibition of the FE65-APP transactivation.
Dexras1 and APP Do Not Compete for FE65, but Dexras1⅐ FE65⅐APP Forms a Tripartite Complex-Because both Dexras1
and APP interact with the FE65 PTB2 domain, the repression that was observed in the FE65-APP transactivation assays in the presence of Dexras1 may due to competition between APP and Dexras1 for FE65. To test this hypothesis, we transfected cells with the same amount of FE65 ϩ APP DNA along with increasing amounts of Dexras1 DNA. FE65 was immunoprecipitated from the cell lysates and the amounts of APP coimmunoprecipitated were determined. The amounts of APP in the immunoprecipitates remained the same when the amount of Dexras1 was increasing (Fig. 4A) . Similarly, increasing the amount of APP did not have a noticeable effect on Dexras1 binding to FE65 (Fig. 4B) . We also tested if overexpression of Dexras1 affected the interaction of endogenous FE65 and APP. Again, the amounts of FE65 and APP remained the same in immunoprecipitates from cells transfected with or without Dexras1 (Fig. 4C) . We conclude that Dexras1 and APP do not compete for FE65 at least under these experimental conditions.
Several reports have demonstrated that certain PTB domains are able to bind two ligands simultaneously (58, 59) . This prompted us to examine whether Dexras1 and APP bind simultaneously to the FE65 PTB2 domain. We co-transfected CHO cells with either GST-Dexras1 ϩ APP or GST-Dexras1 ϩ FE65 ϩ APP; for controls, we transfected cells with GST ϩ APP and GST ϩ FE65 ϩ APP. GST-Dexras1 was pulled down from the transfected cell lysates by glutathione-Sepharose 4B and the samples probed for the presence of APP and FE65. A strong signal of APP was found in the pull-down complex only in the presence of FE65 (Fig. 4D) . Long exposure of the blot revealed a faint APP band in GST-Dexras1 ϩ APP pull-down and this was probably due to the presence of endogenous FE65 in CHO Dexras1 was pulled down from the cell lysates and the amount of bound FE65 was determined. The amount of FE65 bound to Dexras1 was significantly reduced in the presence of c-Abl (Fig. 5A) . In a complementary assay, we used an FE65 mutant in which Tyr 547 was mutated to phenylalanine (FE65-Y547F) to preclude phosphorylation. We found that the FE65-Y547F bound more to Dexras1 than the wild-type FE65 (Fig. 5B) . These findings suggest that phosphorylation on Tyr 547 of FE65 reduces its ability to interact with Dexras1.
The effect of FE65 Tyr 547 phosphorylation on FE65-APP signaling was studied by using the APP-GAL4 transcription assay. In both HEK293 cells and cortical neurons, FE65-Y547F still stimulated transcription but this was significantly lower than the wild-type FE65 (Fig. 5C ). This is similar to previous observations in other cultured cell types (42) . Dexras1 reduced the transcription further in both FE65 wild-type and FE65-Y547F co-transfected cells (Fig. 5C) . Moreover, these inhibitory effects of Dexras1 on FE65 wild-type as compared with FE65-Y547F were ϳ8-fold in the HEK293 cells and 3-fold in neurons (histograms 6 versus 8 in Fig. 5C ). This 8-fold reduction in the HEK293 cells was similar to the difference observed in binding of FE65 wild-type versus FE65-Y547F to Dexras1 in this cell type. Quantification of the FE65 signals in the immunoprecipitation assays revealed a 6 -8-fold reduction (depending upon experiment n ϭ 3) in binding of FE65 wild-type compared with FE65-Y547F (Fig. 5B) . Together, these findings suggest that phosphorylation of FE65 Tyr 547 reduces binding of Dexras1 to FE65 and can thereby regulate FE65-APP transactivation.
Dexras1 Suppresses the FE65-APP-mediated Activation of GSK3␤ Promoter and mRNA and Alters Tau Phosphorylation
Status-Several genes have been proposed as targets for FE65-APP signaling. There has been some controversy over how many of the proposed gene targets are physiologically relevant A, FE65 and APP were co-transfected into HEK293 cells with increasing amounts of Dexras1 DNA (0, 1, 2, 4, and 8 g). FE65 was co-immunoprecipitated from the transfected cell lysates by an anti-myc antibody. The amounts of FE65 and APP in the immunoprecipitates and Dexras1 in the lysates were detected using rabbit polyclonal antibodies as appropriate. B, FE65 and Dexras1 were co-transfected with increasing amounts of APP DNA to cells (0, 1, 2, 4, and 8 g). FE65 was co-immunoprecipitated from the transfected cell lysates as above. The amounts of FE65 and Dexras1 in the immunoprecipitates and APP in the lysates were detected by appropriate rabbit polyclonal antibodies. C, HEK293 cells were transfected either with or without Dexras1. APP was immunoprecipitated from the cell lysates by an anti-APP antibody. The amounts of FE65 and APP in the immunoprecipitates were determined by probing of blots with antibodies to FE65 and APP, respectively. D, APP was either co-transfected to cells with mammalian expression constructs for GST or GSTDexras1 in the presence or absence of FE65. GST and GST-Dexras1 were captured from the cell lysates by glutathione-Sepharose 4B. APP and FE65 bound to the complex were detected by immunoblotting as described above. GST and GST-Dexras1 were detected using anti-GST antibody. GST-Dexras1 pulled down APP only in the presence of co-transfected FE65. (60, 61) . GSK3␤ is one of the FE65-APP-regulated genes that has been reported by several different groups (42, 54, 62, 63) . We therefore determined if Dexras1 modulates FE65-APP-mediated GSK3␤ promoter activity. Similar to other reports, GSK3␤ promoter activity was strongly enhanced in the presence of AICD and FE65; the FE65 stimulatory effect was lost with FE65-Y547F (Fig. 6A) . However, FE65-AICD-mediated activation of the GSK3␤ promoter was inhibited by Dexras1 (Fig. 6A) . We also studied the effect of siRNA knockdown of Dexras1 expression on GSK3␤ promoter activity. GSK3␤ promoter activity was significantly stimulated following Dexras1 but not control siRNA treatment (Fig. 6B) . Thus, transfection and inhibition of Dexras1 expression induce complementary changes in the AICD-FE65-dependent effects on GSK3␤ promoter activity.
We next tested if Dexras1 influences expression of endogenous GSK3␤ mRNA. Increased levels of GSK3␤ mRNA were observed in cells transfected with FE65 and AICD (Fig. 6C) . However, the effect of FE65 and AICD on endogenous GSK3␤ mRNA was suppressed following co-transfection with Dexras1 (Fig. 6C) . In contrast, knockdown of Dexras1 enhanced the expression of GSK3␤ (Fig. 6D) . Together, these findings strongly suggest that Dexras1 is a repressor of FE65-APP-mediated transcription and this includes FE65-AICD transcriptional effects on the GSK3␤ gene.
Tau is a substrate of GSK3␤, and hyperphosphorylation of Tau is observed in Alzheimer disease. We therefore tested if Dexras1 affects Tau phosphorylation. Cells were cotransfected with human Tau and either with non-targeting control or Dexras1 siRNAs. Probing of the samples with PHF-1 antibody that detects Tau phosphorylated on serines 396 and 404, which are two known GSK3␤-targeted sites in Tau, revealed that Tau phosphorylation was increased in Dexras1 knockdown cells (Fig. 6E) . Thus, Dexras1 stimulates GSK3␤ gene expression and this induces increased phosphorylation of Tau, a known GSK3␤ substrate.
DISCUSSION
In the present study, we have shown that FE65 associates with Dexras1. The interaction between FE65 and Dexras1 was confirmed by various biochemical assays. We have also demonstrated that Dexras1 binds to the FE65 PTB2 domain. The PTB domain was initially discovered as a protein-protein interaction domain that bound to tyrosine-phosphorylated NPXY motifs (for review, see Ref. 64) . However, Dexras1 does not possess an NPXY sequence. Increasing evidence indicates that PTB domains have more diverse binding specificity. For example, Numb-associated kinase interacts with the Numb PTB domain through a non-NPTY sequence (65) (66) (67) .
Dexras1 is a member of the Ras superfamily of GTPases and was originally identified as a dexamethasone-inducible gene (36, 55, 56) . Although Dexras1 is a GTPase, it possesses several differences from other Ras members. With an extended C terminus, the molecular mass of Dexras1 is about 34 kDa, which is significantly higher than the 22-kDa typical for Ras proteins (66) . The extended C terminus has previously been shown to interact with another PTB domain containing protein, CAPON (37) . Additionally, Dexras1 has been found in both cytosol and membrane, whereas most other Ras proteins are membrane associated (37) . Here, we further demonstrate that a significant proportion of Dexras1 is located in the nuclei. This observation is in line with the sequence analysis that Dexras1 contains a bipartite nuclear localization signal (amino acids 207-224) that is required for targeting proteins to the nucleus. Among more than 100 known small G proteins, Dexras1 is only the third to be found in the nucleus. Interestingly, when Dexras1 and FE65 were co-expressed in cells, a large proportion of Dexras1 was shifted from the cytosol to nucleus. Therefore, FE65 may play a role in translocation of Dexras1 from the cytosol to nucleus. Nevertheless, the differences between Dexras1 and other Ras members suggests that Dexras1 is involved in a broad range of biological events. In fact, we have demonstrated here that Dexras1 plays a direct regulatory role in FE65-APP-mediated transcription.
FE65 and AICD have been shown to form a transcription stimulation complex for a GAL4-dependent reporter (3, 42) . In the present study, we have shown that Dexras1 binds to and co-localizes with FE65 in the nucleus. These observations prompted us to investigate the role of Dexras1 in FE65-APP nuclear signaling. Dexras1 strongly repressed FE65-APP-mediated transcription in GAL4-APP reporter and GSK3␤ promoter assays using various cell types. Interestingly, Telese and colleagues (6) demonstrated that FE65 mutants with their PTB domains deleted enhance transactivation. However, the mechanism(s) by which FE65 PTB domains inhibit transactivation is not fully understood. Our finding provides one possible mechanism as Dexras1 binds to the FE65 PTB2 domain and inhibits transcription. We initially expected that Dexras1 might inhibit the FE65-AICD-mediated transcription by competing with AICD for binding to FE65 PTB2 domain. However, we did not observe Dexras1 and APP competing for FE65 in our competition assays. Another possibility for this repression is that Dexras1 retains FE65 in the cytosol. However, our immunostaining results do not support this notion as the subcellular distribution of FE65 was not noticeably altered by Dexras1.
Unexpectedly, our pull-down assays showed that Dexras1⅐ FE65⅐APP could form a tripartite complex. However, a previous study showed that X11␤ PTB interacts with Alcadein and APP at the same time (58) . Additionally, Stolt and colleagues (59) demonstrated that the adaptor protein Disable-1 binds to two ligands simultaneously by structurally distinct binding sites within its PTB domain. These findings suggest that certain PTB domains could accommodate two binding partners at the same time. In this report, we found that Tyr 547 phosphorylation within the FE65 PTB2 domain only influences the binding of Dexras1, but not APP (42) . This may suggest that Dexras1 and APP bind to different regions within the FE65 PTB2 domain.
One mechanism to regulate protein-protein interaction is by phosphorylation. For example, the interaction between FE65 and APP can be regulated by phosphorylation of APP threonine 668 (16) . In a previous study, we showed by mass spectrometry that the Tyr 547 resides within the FE65 PTB2 domain is a phosphorylated residue. The FE65 Tyr 547 phosphorylation does not influence the interaction between FE65 and APP but stimulates FE65-APP-mediated transcription (42) . Here, we have demonstrated that FE65-APP-mediated transcription was significantly repressed when the Y547F mutation (mimicking permanent dephosphorylation) was introduced to FE65. This observation is in line with our previous finding that phosphorylation of FE65 Tyr 547 enhances the FE65-APP-mediated transcription (42) . Because Dexras1 preferentially binds to the nonphosphorylated FE65 (at Tyr 647 ), one explanation for the enhancement of FE65-APP-mediated transcription is the amount of Dexras1 that bound to FE65 is reduced by phosphorylation of FE65 Tyr 547 . Of interest was our finding that Dexras1 inhibited FE65-mediated transcription without an apparent effect on binding of FE65 to APP. The precise mechanisms whereby FE65 and APP interact and stimulate transcription are far from clear. One suggestion is that the FE65 WW and PTB2 domains bind to one another such that FE65 is in a closed configuration that is refractory to its transcriptional ability. Binding of APP and other "factors" then induces FE65 to adopt an open conformation that is more permissible to transcription (68) . The identity of these factors is not known but suggestions include one or more membrane-associated proteins, kinases (because FE65 is a phosphorylated on multiple residues (42, 69)), or some special lipids (68) . There is also evidence that once FE65 is activated in this way, then binding to AICD is dispensable for its transcriptional activity (68) . In this context, it is therefore not surprising that the inhibitory effect of Dexras1 might not involve an effect on the FE65-APP interaction. Indeed, it is even possible that Dexras1 represents one of these previously described factors but that its release from FE65 stabilizes the open conformation that is more permissible to transcription. Clearly, identifying the full complement of FE65 interacting proteins and factors in future studies will help resolve this issue.
In summary, we have identified Dexras1 as a novel interacting partner of FE65, and their interaction suppresses the FE65-APP-mediated transcription. We have also demonstrated that the FE65-Dexras1 interaction is regulated by FE65 Tyr 547 phosphorylation. FE65 is a phosphoprotein, although, the role of FE65 phosphorylation is not well understood. Aberrant protein phosphorylation has been implicated in the pathogenesis of several neurodegenerative diseases. Defective FE65 phosphorylation might disrupt the regulatory processes of FE65-APP signaling including FE65-Dexras1 interaction. This could lead to mistranscription of potential FE65-APP-regulated genes such as BACE, GSK3␤, and APP, which are closely linked to the pathogenesis of Alzheimer disease.
